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ABSTRACT 
Schory, David Henry.  M.S., Department of Chemistry, Wright State University, 2009.  
Quantum Chemical Investigations of Nucleophilic Aromatic Substitution Reactions and 
Acid Dissociations of Aliphatic Carboxylic Acids. 
  
Quantum chemical analysis was used to examine nucleophilic aromatic 
substitution reactions of fluorinated benzophenones, diphenyl sulfones, and 
triphenylphosphine oxides.  Some experimental results for these compounds were 
contrary to conventional wisdom, which holds that calculated atomic charges for the 
aromatic sites and 
13
C-NMR and 
19
F-NMR chemical shifts should allow prediction of the 
preferred sites for aromatic substitution.  Density functional theory (B3LYP/6-
31+G*//RM1) and semi-empirical (RM1) quantum chemical calculations were employed 
to study the intermediates in the reaction pathways in order to identify the preferred paths 
for aromatic substitution.  In most cases studied para substitution pathways had the lower 
energy intermediates and were favored. 
Experimental acid dissociation pKa’s for a set of 41 aliphatic carboxylic acids 
were compared with quantum chemical indices for the compounds in an attempt to find 
correlations that might help explain how the electronic structures of the compounds 
influence their tendencies to dissociate.  The quantum chemical indices included the 
charges on atoms and groups of atoms, calculated vibrational frequencies, calculated 
nuclear magnetic resonance (NMR) chemical shifts, and reaction energy differences both 
in vacuum and in an aqueous phase solvent model.  Several of these calculated quantities 
yielded respectable correlations, with the vibrational frequency of the carboxylic acid 
proton (R
2
 = 0.874) and the vibrational frequency of the carbonyl stretch of the 
carboxylate anion (R
2
 = 0.852) giving the best results.  As was observed in earlier work, 
iv 
 
the RM1 semi-empirical calculations yielded better correlations than the more 
sophisticated density functional theory approach. 
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Chapter 1 
 Project Introduction 
 
Over the past few decades quantum chemical methodology has greatly advanced 
and matured and now is an indispensable supplement to experimental chemistry. This 
thesis describes the use of quantum chemical approaches to investigate two specific 
puzzles arising from experimental observations.  In Chapter 2, quantum chemical 
analysis is used as a tool to examine a collection of nucleophilic aromatic substitution 
reactions studied by Professor Fossum’s research group at Wright State University.  The 
compounds under study were fluorinated benzophenones, diphenylsulfones, and 
triphenylphosphine oxides.  For these systems computational methods were employed to 
study the intermediates in the reaction pathways in order to identify the preferred sites for 
nucleophilic aromatic substitution reactions.  The computational studies help rationalize 
the observed results, which in some cases are contrary to the “conventional wisdom” for 
such substitution reactions.  In Chapter 3, the experimental acid dissociation constants (as 
pKa’s) of a set of 41 aliphatic carboxylic acids are compared with quantum chemical 
indices calculated for the compounds in an attempt to find correlations that might explain 
how the electronic structures of the compounds contribute to their tendencies to 
dissociate.  The quantum chemical indices included such features as the charges on atoms 
and groups, calculated vibrational frequencies, calculated nuclear magnetic resonance 
(NMR) chemical shifts, and reaction energy differences both in vacuum and in an 
aqueous phase model solvent. 
2 
 
In the work described in Chapters 2 and 3, two levels of quantum chemical 
computations are employed: so-called semi-empirical calculations and ab initio 
calculations.  Semi-empirical quantum chemical methods are based on approximations to 
the standard Hartree-Fock self-consistent-field (SCF) theory
1
 of quantum chemistry.  Use 
of well-chosen approximations in these calculations makes them much faster than 
complete, all-out quantum chemical calculations and often provides reasonably accurate 
results for a wide variety of properties and phenomena.  A drawback is that the semi-
empirical methods sometimes omit crucial features and thus are not as generally reliable 
as the more extensive and time-consuming ab initio (“from the beginning”) calculations.  
The main semi-empirical method employed in the works described in Chapters 2 and 3 is 
the recently-introduced RM1 method, developed by Rocha et al.
2
, which is the state-of-
the-art of such methods at this time.  The second approach taken was the ab initio 
approach.  While in earlier decades Hartree-Fock theory was almost universally used for 
higher-level studies, more recently post Hartree-Fock methods, such as Møller-Plesset 
perturbation theory
3
 and density functional theory (DFT)
4
 have become much more 
commonly used.  These methods account for the correlation energy—the energy lowering 
associated with instantaneous avoidance motions of the electrons—that is not accounted 
for in the Hartree-Fock approach.  In particular, DFT, which depends on the electronic 
density , rather than on the electronic wave function , has proven especially useful and 
efficient, and it is a variant of this approach that is used in the ab initio approaches 
employed in the later chapters. 
 
3 
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Chapter 2 
Investigation of Nucleophilic Aromatic Substitution Reactions 
of Fluorinated Compounds Through Quantum Chemical 
Methods 
 
2.1 Introduction 
 
Professor Eric Fossum’s research group at Wright State University has been 
investigating nucleophilic aromatic substitutions on fluorinated benzophenones, diphenyl 
sulfones, and triphenylphosphine oxides. (Figure 1 shows the parent structures of these 
compounds.)  In the course of these investigations, they encountered some results that 
contradicted conventional wisdom, and they invited us (Professor Seybold and myself) to 
examine these reactions using quantum chemical approaches.   
 
O
1
2
3
4
5
6
Benzophenone       
S
O
O
1
2 3
4
56
Diphenylsulfone   
P
O
1
2 3
4
56
Triphenylphosphine Oxide  
Figure 2.1:  The parent compounds investigated in this work with aromatic site 
numbering 
5 
 
 According to conventional wisdom, the atomic charges on the aromatic rings and 
the corresponding NMR chemical shifts should normally enable prediction of the sites of 
nucleophilic substitution in these compounds.  In particular, nucleophilic aromatic 
substitution reactions should favor the carbon sites on the aromatic systems with the most 
positive charges.  Also, from 
13
C-NMR and 
19
F-NMR data, the most positive chemical 
shifts should correspond to the most likely positions for nucleophilic aromatic 
substitution.  In general, the more positive the chemical shift the lower the electron 
density and the greater the positive charge at that position.
1,2
   
In science, an exception to a predicted outcome can be at first a source of 
frustration, but sometimes later it can be a source of enlightenment.  The Fossum research 
group noted exceptions to the positive atomic charge/positive NMR chemical shift 
predictions for  3,4,5-trifluorobenzophenone, 3,4,5-trifluorodiphenyl sulfone, and 3,4,5-
trifluorotriphenylphosphine oxide
3
.  Based on the atomic charge and NMR chemical shift 
data, nucleophilic aromatic substitution in these compounds should occur at the meta 
positions (position 3 or 5), but the reactions proceeded at the para positions (position 4) 
of all three compounds.   
 
2.2 Methods 
 
In order to understand the reasons for these observations, we carried out quantum 
chemical calculations on the fluorinated benzophenones, diphenyl sulfones, and 
triphenylphosphine oxides.  The fluorinated series for each compound included the 3-
fluoro, 4-fluoro, 3,4-difluoro, 3,5-difluoro, 3,4,5-trifluoro, 2,3,4,5-tetrafluoro, and 
2,3,4,5,6-pentafluoro species.  Semi-empirical and ab initio calculations were performed. 
6 
 
The nucleophilic aromatic substitution reactions were assumed to proceed via 
Meisenheimer complexes
4
 as shown in Figure 2.2.  Energy calculations of both the para 
and meta Meisenheimer complexes were carried out for the compounds in these series.  
The presumed reaction mechanism is as shown. 
Y Nuc
Nuc
YNuc
Y
+ +
k 1
k -1
k 2
 
Figure 2.2:  Scheme of a general nucleophilic aromatic substitution reaction, where Y is a 
halide leaving group and Nuc is a nucleophile.  Note: The Meisenheimer 
complex is the middle structure with an overall negative charge. 
 
All of the calculations were performed using the Spartan’06 quantum chemical 
program
5
.  For each of the series of compounds, at least two semi-empirical calculation 
methodologies were used.  For the benzophenone series, RM1
6
 and AM1
7
 methodologies 
were employed.  For the diphenyl sulfone  and triphenylphosphine oxide series, the RM1 
and MNDO
8
 semi-empirical methods were used. The ab initio calculations were 
performed using Density Functional Theory (DFT) with the B3LYP functional with a 6-
31+G* basis set.  The natural charges
9
 of the aromatic sites were calculated by semi-
empirical and ab initio calculations.  Due to complications that arose while studying 
some of the charged Meisenheimer complexes, the DFT calculations employed single 
point energy calculations using the equilibrium geometries obtained from the RM1 semi-
empirical calculations, instead of an equilibrium search with the B3LYP/6-31G* scheme.  
These transition state anomalies were not seen in the diphenyl sulfone series.   Later in 
Section 2.6, B3LYP/6-31G* equilibrium basis sets are compared with B3LYP/ 6-
7 
 
31+G*//RM1 single point energy calculations for validation of the use of the single point 
calculations. 
 We note a caution regarding this approach.  The calculations were done for the 
gas phase, and the calculated Meisenheimer complexes were more stable than the 
reactants, which is not reasonable.  Therefore, it was decided that a comparison of the 
relative stabilities of the para and meta intermediates would be a more effective measure 
of the likelihood that a given reaction pathway would be followed.  The reaction should 
occur via the lower energy intermediate.  This comparison only holds for compounds that 
possess both reasonable para and meta possibilities for substitution.  For simplicity, the 
hydroxide anion was selected as a representative nucleophile for the reactions, since 
preliminary studies in our group found that the results were not greatly altered, when a 
larger nucleophile, such as the methoxide anion, was used.  
13
C-NMR chemical shifts 
were calculated using the program Chemdraw Ultra.  
19
F-NMR data were obtained from 
the Fossum Research group except for the 
19
F-NMR data for 2,3,4,5,6-
pentafluorodiphenyl sulfone
10
.   
 
2.3 Benzophenone Series Results 
 
 
 The 3-fluoro, 4-fluoro, and the 3,5-difluoro benzophenone species have only one 
sensible option for nucleophilic aromatic substitution, and experimentally substitution 
took place exclusively at the meta positions for the 3-fluoro and 3,5-difluoro species and 
exclusively at the para position for the 4-fluoro species
3
.  Therefore, Meisenheimer 
complex studies were not performed on these species.  The natural charge results from 
8 
 
the semi-empirical and ab initio calculations along with the 
13
C-NMR data match well 
with the site of nucleophilic aromatic substitution for these species. (See Tables 2.1-2.3.)   
Table 2.1:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges and 
13
C-NMR 
data for 3-fluorobenzophenone.  Highlighted positions are the expected sites 
of nucleophilic aromatic substitution on the basis of charge and NMR data. 
  
 
Aromatic Position 
 
2 3 4 5 6 
13
C-NMR (ppm) 117.1 161.8 119.2 129.8 125.7 
Natural charges RM1 -0.116 0.170 -0.148 -0.079 -0.091 
Natural charges B3LYP -0.257 0.417 -0.288 -0.227 -0.228 
 
Table 2.2:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges and 
13
C- NMR 
data for 4-fluorobenzophenone.  Highlighted positions are the expected sites 
of nucleophilic aromatic substitution on the basis of charge and NMR data. 
 
 
Aromatic Position 
 
2 3 4 5 6 
13
C-NMR (ppm) 131.7 115.2 165.8 115.2 131.7 
Natural charges RM1 0.000 -0.208 0.227 -0.208 0.014 
Natural charges B3LYP -0.177 -0.301 0.431 -0.303 -0.197 
 
Table 2.3:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges and 
13
C-NMR 
data for 3,5-difluorobenzophenone.  Highlighted positions are the expected 
sites of nucleophilic aromatic substitution on the basis of charge and NMR 
data.  
 
 
Aromatic Position 
 
2 3 4 5 6 
13
C-NMR (ppm) 112.7 163.4 106.2 163.4 112.7 
Natural charges RM1 -0.157 0.222 -0.232 0.221 -0.172 
Natural charges B3LYP -0.275 0.431 -0.351 0.429 -0.293 
 
 
In the case of the 3,4-difluoro species, the natural charge data and 
13
C-NMR data 
point to a para attack in a nucleophilic aromatic substitution reaction.  Also, comparison 
of the meta and para transition states indicated that the lower energy pathway was that 
for para attack.  According to the B3LYP/6-31+G*//RM1 calculations, para attack is 
favored by 76 kJ/mol over meta attack (See Table 2.4).  These calculations and data are 
9 
 
in accord with the empirical result that the reaction for this compound is observed to 
occur at the para position
3
.  
 
Table 2.4:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, 
and reaction barrier difference for 3,4-difluorobenzophenone.  Highlighted 
positions are the expected sites of nucleophilic aromatic substitution on the 
basis of charge and NMR data.   
 
 
Aromatic Position 
 
Reaction Barrier 
 
2 3 4 5 6 
 
Difference (kJ/mol)
a
 
13
C-NMR (ppm) 118.7 148.8 152.8 116.8 127.3 
  Natural charges RM1 -0.068 0.101 0.155 -0.159 -0.040 
 
111.2 (RM1) 
Natural charges 
B3LYP -0.245 0.360 0.372 -0.291 -0.214 
 
76.5 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
For the 3,4,5-trifluoro species, the natural charges and NMR chemical shift data 
suggest a meta attack for nucleophilic aromatic substitution.  However, comparison of the 
meta and para attack transition states indicates that the lower energy pathway is that for  
para attack. (See Table 2.5.)    The reaction is observed to proceed through the para 
position
3
, which the calculations show to be favored by more than 63 kJ/mol.  This 
species is, therefore, an exception to the rule of “conventional wisdom” noted earlier. 
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Table 2.5:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, 
and reaction barrier difference for 3,4,5-trifluorobenzophenone.  Highlighted 
positions are the expected sites of nucleophilic aromatic substitution on the 
basis of charge and NMR data.  
 
 
Aromatic Position 
 
Reaction Barrier 
 
2 3 4 5 6 
 
Difference (kJ/mol)
a
 
13
C-NMR (ppm) 114.3 150.4 139.8 150.4 114.3 
  Natural charges RM1 -0.108 0.152 0.079 0.151 -0.122 
 
                34.9 (RM1) 
Natural charges 
B3LYP -0.281 0.370 0.311 0.372 -0.263 
 
                63.6 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
For the 2,3,4,5-tetrafluoro species, the initial natural charge calculations and 
NMR chemical shift data were of interest.  The most positive charged aromatic site on the 
2,3,4,5-tetrafluoro species is position 2, and position 2 also has the most positive 
13
C-
NMR chemical shift.  However, nucleophilic aromatic substitution reactions are restricted 
at the ortho position (position 2) due to steric hinderance.  Therefore, examination of 
positions 3, 4, and 5 was conducted.  The 
13
C-NMR chemical shift data predict a meta 
attack at position 5.  Interestingly, the computational charge calculation predictions are 
split between para and meta attacks.  The AM1 (not shown) and RM1 semi-empirical 
charge calculations suggest para attack, while the DFT charge calculation agrees with the 
NMR data, indicating meta attack at position 5.  Comparison of the meta and para 
transition state energies as determined by the B3LYP/6-31+G*//RM1 calculations 
indicates that the lower energy pathway is that for para attack, favored by 62 kJ/mol. 
(See Table 2.6.)   
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Table 2.6:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, 
and reaction barrier difference for 2,3,4,5-tetrafluorobenzophenone.  Yellow 
highlighted positions are the expected sites of nucleophilic aromatic 
substitution on the basis of charge and NMR data.  Cream highlighted 
positions are the sites of expected sites of nucleophilic aromatic substitution 
on the basis of charge and NMR data if steric hindrance was not a factor. 
 
 
Aromatic Position 
 
Reaction Barrier 
 
2   3 4 5 6 
 
Difference (kJ/mol)
a
 
13
C-NMR (ppm) 147.9 137.4 141.4 146.0 115.9 
  Natural charges RM1 0.201 0.078 0.126 0.118 -0.077 
 
                 42.4 (RM1) 
Natural charges     
B3LYP 0.395 0.316 0.320 0.357 -0.270 
 
                 61.7 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
Finally, the 2,3,4,5,6-pentafluoro species was investigated.  Like the 2,3,4,5-
tetrafluoro species, the ortho positions are the most positive atomic sites and also have 
the most positive 
13
C-NMR chemical shifts, but these positions are constrained due to 
steric hindrance.  Examination of positions 3, 4, and 5 shows that position 4 carries the 
most positive natural charge and 
13
C-NMR chemical shift.  These data agree with the 
comparison of the meta and para transition state energies, which indicates that the para 
pathway is the lower energy pathway, more stable by over 74 kJ/mol. (See Table 2.7.) 
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Table 2.7:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, 
and reaction barrier difference for 2,3,4,5,6-pentafluorobenzophenone.  
Yellow highlighted positions are the expected sites of nucleophilic aromatic 
substitution on the basis of charge and NMR data.  Cream highlighted 
positions are the sites of expected sites of nucleophilic aromatic substitution 
on the basis of charge and NMR data if steric hindrance was not a factor.  
 
 
Aromatic Position 
 
Reaction Barrier 
 
2 3 4 5 6 
 
Difference (kJ/mol)
a
 
13
C-NMR (ppm) 149.5 133.0 143.0 133.0 149.5 
  Natural charges RM1 0.243 0.046 0.172 0.045 0.232 
 
51.9 (RM1) 
Natural charges 
B3LYP 0.402 0.302 0.327 0.301 0.387 
 
74.9 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
2.4 Diphenyl Sulfone Series Results 
 
 The 3-fluoro, 4-fluoro, and the 3,5-difluoro diphenyl sulfone species have only 
one sensible option for nucleophilic aromatic substitution, and substitution occured 
exclusively at the meta position for the 3-fluoro and 3,5-difluoro species, and exclusively 
at the para position for the 4-fluoro species.  Accordingly, the Meisenheimer complex 
studies were not performed on these species.  The natural charge data from the semi-
empirical and ab initio calculations along with the 
13
C-NMR data and 
19
F-NMR data 
match well with the observed sites of nucleophilic aromatic substitution for these 
species.
3
 (Tables 2.8-2.10.) 
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Table 2.8:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, 
and 19F-NMR data for 3-fluorodiphenyl sulfone.  Highlighted positions are the 
expected sites of nucleophilic aromatic substitution on the basis of charge and 
NMR data. 
 
 
 
Aromatic Position 
 
2 3 4 5 6 
13
C-NMR (ppm) 113.5 163.1 120.5 131.1 122.1 
19
F-NMR (ppm) 
 
-110.8 
   Natural charges RM1 0.080 0.093 -0.044 -0.165 0.127 
Natural charges B3LYP -0.259 0.415 -0.273 -0.228 -0.210 
 
 
Table 2.9:  Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, 
and 19F-NMR data for 4-fluorodiphenyl sulfone.  Highlighted positions are the 
expected sites of nucleophilic aromatic substitution on the basis of charge and 
NMR data. 
 
 
 
Aromatic Position 
 
2 3 4 5 6 
13
C-NMR (ppm) 128.1 116.5 167.1 116.5 128.1 
19
F-NMR (ppm) 
  
-104 
  Natural charges RM1 0.212 -0.289 0.326 -0.289 0.213 
Natural charges B3LYP -0.177 -0.303 0.444 -0.303 -0.178 
 
 
Table 2.10:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR 
data, and 19F-NMR data for 3,5-difluorodiphenyl sulfone.  Highlighted 
positions are the expected sites of nucleophilic aromatic substitution on the 
basis of charge and NMR data.  
 
 
Aromatic Position 
 
2 3 4 5 6 
13
C-NMR (ppm) 109.1 164.7 107.5 164.7 109.1 
19
F-NMR (ppm) 
 
-106.3 
 
-106.3 
 Natural charges RM1 0.036 0.147 -0.135 0.147 0.036 
Natural charges B3LYP -0.278 0.429 -0.338 0.429 -0.278 
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In the case of the 3,4-difluoro species, the natural charge data, 
13
C-NMR data, and 
19
F-NMR data point to para attack for nucleophilic aromatic substitution.  Also, the 
comparison of the meta and para transition states indicates that the lower energy pathway 
would be with a para attack.  These calculations and data are confirmed by the empirical 
result of the reaction itself
3
, which is observed to occur at the para position.  From the 
B3LYP/6-31+G*//RM1 calculations, para attack is favored by about 37 kJ/mol. (See 
Table 2.11.)   
 
Table 2.11:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 19F-NMR data, 
13
C-NMR data, and reaction barrier difference for 3,4-difluorodiphenyl 
sulfone.  Highlighted positions are the expected sites of nucleophilic 
aromatic substitution on the basis of charge and NMR data.  
 
 
Aromatic Position 
 
Reaction Barrier 
 
2 3 4 5 6 
 
Difference (kJ/mol)
a
 
13
C-NMR (ppm) 115.1 150.1 154.1 118.1 123.7 
  19F-NMR (ppm) 
 
-134.5 -130.5 
    
Natural charges RM1 0.125 0.026 0.255 -0.243 0.175 
 
121.8 (RM1) 
Natural charges 
B3LYP -0.249 0.358 0.384 -0.291 -0.197 
 
36.8 (DFT) 
  
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
For the 3,4,5-trifluoro species, both sets of NMR chemical shift data suggest meta 
attack.  Interestingly, the natural charges from the semi-empirical calculation methods 
(RM1, AM1, and MNDO [the latter two not shown]) point to para attack, whereas the 
natural charges from the DFT calculations indicate meta attack, matching the NMR data.  
However, comparison of the meta and para transition states indicates that the lower 
energy pathway is for para attack.  The reaction is observed to proceed through the para 
position
3
, which the calculations show to be favored by about 29 kJ/mol. (See Table 
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2.12.)  This species was a further exception to the rule of “conventional wisdom” noted 
earlier. 
Table 2.12:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 19F-NMR data, 
13
C-NMR data, and reaction barrier difference for 3,4,5-trifluorodiphenyl 
sulfone.  Highlighted positions are the expected sites of nucleophilic 
aromatic substitution on the basis of charge and NMR data.  
 
 
Aromatic Position 
 
Reaction Barrier 
 
2 3 4 5 6 
 
Difference (kJ/mol)
a
 
13
C-NMR (ppm) 110.7 151.7 141.1 151.7 110.7 
  19F-NMR (ppm) 
 
-131 -151 -131 
   Natural charges RM1 0.084 0.076 0.175 0.076 0.084 
 
89.9 (RM1) 
Natural charges 
B3LYP -0.268 0.370 0.323 0.370 -0.268 
 
29.1 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
For the 2,3,4,5-tetrafluoro species, the natural charges point to position 2 as the 
site of substitution, while position 5 has the most positive 
13
C-NMR chemical shift.  
Since nucleophilic aromatic substitution is constrained at the ortho position (position 2), 
examination of positions 3, 4, and 5 was pursued.  As mentioned, the 
13
C-NMR chemical 
shift data predict a meta attack at position 5.  Interestingly, the computational charge 
calculations are split between para and meta attack.  The MNDO(not shown) and RM1 
semi-empirical calculations point to a para attack, while the DFT calculation agrees with 
the NMR data, indicating a meta attack on position 5.  Comparison of the meta and para 
transition states indicates that the para pathway should be favored by about 42 kJ/mol. 
(See Table 2.13.)   
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Table 2.13: Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR 
data, and reaction barrier difference for 2,3,4,5-tetrafluorodiphenyl sulfone.  
Yellow highlighted positions are the expected sites of nucleophilic aromatic 
substitution on the basis of charge and NMR data. Cream highlighted 
positions are the sites of expected sites of nucleophilic aromatic substitution 
on the basis of charge if steric hindrance was not a factor. 
 
 Aromatic Position  Reaction Barrier 
 2 3 4 5 6  Difference (kJ/mol)
a
 
13
C-NMR (ppm) 144.3 138.7 142.7 147.3 112.3   
Natural charges RM1 0.386 0.006 0.215 0.049 0.104  105.2 (RM1) 
Natural charges 
B3LYP 0.390 0.314 0.330 0.358 -0.264  42.1 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
Finally, the 2,3,4,5,6-pentafluoro species was investigated.  Like the 2,3,4,5-
tetrafluoro species, the ortho positions were the most positive charged sites and also had 
the most positive 
19
F-NMR chemical shifts. The 
13
C-NMR chemical shift data, however, 
suggest para attack. (See Table 2.14.)  However, attack at position 2 is not favored due to 
steric hindrance.  Therefore, in examination of positions 3, 4, and 5, position 4 carried the 
most positive natural charge, most positive 
19
F-NMR chemical shift, and most positive 
13
C-NMR chemical shift.  Comparison of the meta and para transition states also 
indicated that the para pathway to be favored by 65 kJ/mol. 
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Table 2.14:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
19
F-NMR 
data
7
, 
13
C-NMR data, and reaction barrier difference for 2,3,4,5,6-
pentafluorodiphenyl sulfone.  Yellow highlighted positions are the expected 
sites of nucleophilic aromatic substitution on the basis of charge and NMR 
data. Cream highlighted positions are the sites of expected sites of 
nucleophilic aromatic substitution on the basis of charge and 
19
F-NMR data 
if steric hindrance was not a factor. 
 
 Aromatic Position  Reaction Barrier 
 2 3 4 5 6  Difference (kJ/mol)
a
 
13
C-NMR (ppm) 145.3 138.1 145.8 138.1 145.3   
19
F-NMR (ppm) -135.8 -157.6 -141.1 -157.6 -135.8   
Natural charges RM1 0.411 -0.027 0.257 -0.024 0.415  116.1 (RM1) 
Natural charges 
B3LYP 0.400 0.300 0.338 0.299 0.399  64.9 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
2.5 Triphenylphosphine Oxide Series Results 
 
 The 3-fluoro, 4-fluoro, and the 3,5-difluoro triphenylphosphine oxide species 
have only one sensible option for nucleophilic aromatic substitution, so that nucleophilic 
aromatic substitution should occur exclusively at the meta positions for the 3-fluoro and 
3,5-difluoro species and exclusively at the para position for the 4-fluoro species
3
.  
Accordingly, the Meisenheimer complex calculations were not performed on these 
species.  The natural charge data from the semi-empirical and ab initio calculations along 
with the 
13
C-NMR data and 
19
F-NMR data are shown in Tables 2.15-2.17.   
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Table 2.15:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR 
data, and 19F-NMR data for 3-fluorotriphenylphosphine oxide.  Highlighted 
positions are the expected sites of nucleophilic aromatic substitution on the 
basis of charge and NMR data. Emboldened 
19
F-NMR indicates a methoxy 
derivative of 3-fluorotriphenylphosphine oxide. 
 
 Aromatic Position 
 2 3 4 5 6 
13
C-NMR (ppm) 116.6 162.2 118.5 130.2 125.2 
19
F-NMR (ppm)  -129.7    
Natural charges RM1 -0.018 0.117 -0.096 -0.130 0.044 
Natural charges B3LYP -0.275 0.413 -0.285 -0.227 -0.201 
 
 
Table 2.16:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR 
data, and 19F-NMR data for 4-fluorotriphenylphosphine oxide.  Highlighted 
positions are the expected sites of nucleophilic aromatic substitution on the 
basis of charge and NMR data. 
 
 Aromatic Position 
 2 3 4 5 6 
13
C-NMR (ppm) 131.2 115.6 165.1 115.6 131.2 
19
F-NMR (ppm)   -104.9   
Natural charges RM1 0.131 -0.259 0.273 -0.255 0.111 
Natural charges B3LYP -0.170 -0.302 0.434 -0.305 -0.194 
 
 
Table 2.17:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR 
data, and 19F-NMR data for 3,5-difluorotriphenylphosphine oxide.  
Highlighted positions are the expected sites of nucleophilic aromatic 
substitution on the basis of charge and NMR data. Emboldened 
19
F-NMR 
indicates a methoxy derivative of 3,5-difluorotriphenylphosphine oxide. 
 
 Aromatic Position 
 2 3 4 5 6 
13
C-NMR (ppm) 112.2 163.8 105.5 163.8 112.2 
19
F-NMR (ppm)  -121.3  -121.3  
Natural charges RM1 -0.108 0.216 -0.224 0.216 -0.108 
Natural charges B3LYP -0.320 0.445 -0.378 0.445 -0.320 
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In the case of the 3,4-difluoro species, the natural charge data, 
13
C-NMR data, and 
19
F-NMR data point to a para attack for nucleophilic aromatic substitution.  Also, 
comparison of the meta and para transition states indicates that the lower energy pathway 
would be for para attack.  Indeed, the reaction occurs at the para position
3
, which from 
the B3LYP/6-31+G*//RM1 calculations, is favored by over 25 kJ/mol. (See Table 2.18). 
 
Table 2.18:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 19F-NMR data, 
13
C-NMR data, and reaction barrier difference for 3,4-
difluorotriphenylphosphine oxide.  Highlighted positions are the expected 
sites of nucleophilic aromatic substitution on the basis of charge and NMR 
data.  
 
 Aromatic Position  Reaction Barrier 
 2 3 4 5 6  Difference (kJ/mol)
a
 
13
C-NMR (ppm) 118.2 149.2 152.1 117.2 126.8   
19
F-NMR (ppm)  -134.1 -129.7     
Natural charges RM1 0.028 0.050 0.202 -0.207 0.092  81.6 (RM1) 
Natural charges 
B3LYP -0.265 0.356 0.373 -0.290 -0.189  25.5 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
For the 3,4,5-trifluoro species, both sets of NMR chemical shift data point to meta 
attack being favored.  Here too, the natural charges obtained from the semi-empirical 
calculation methods (RM1 and MNDO [the latter is not shown]) point to para attack, 
whereas the natural charges determined by the DFT calculations indicate meta attack, 
matching the NMR data. Comparison of the transition states indicated that the lower 
energy pathway would be via the para intermediate.  The reaction is observed to proceed 
through the para position
3
, which the DFT calculations show to be favored by 13 kJ/mol. 
(See Table 19).  This species was an exception to the rule of “conventional wisdom” 
noted earlier.   
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Table 2.19:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 19F-NMR data, 
13
C-NMR data, and reaction barrier difference for 3,4,5-
trifluorotriphenylphosphine oxide.  Highlighted positions are the expected 
sites of nucleophilic aromatic substitution on the basis of charge and NMR 
data.  
 
Aromatic Position 2 3 4 5 6  Reaction Barrier 
13
C-NMR (ppm) 113.8 150.8 139.1 150.8 113.8  Difference (kJ/mol)
a
 
19
F-NMR (ppm)  -129.4 -151.4 -129.4    
Natural charges RM1 0.008 0.101 0.123 0.106 -0.016  66.0 (RM1) 
Natural charges 
B3LYP -0.284 0.368 0.313 0.371 -0.258  13.4 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
In analysis of the 2,3,4,5-tetrafluoro species, the charge calculations and NMR 
chemical shifts gave the most positive atomic site to be position 2.  Again, since 
nucleophilic aromatic substitution is constrained at the ortho position (position 2) due to 
steric hindrance, examination of positions 3, 4, and 5 was pursued.  The 
13
C-NMR 
chemical shift data predicted meta attack at position 5.  Interestingly, the charge 
calculations were split between para and meta attack.  The RM1 and MNDO (not shown) 
semi-empirical calculations suggested para attack, whereas the DFT calculations agreed 
with the NMR data, indicating meta attack at position 5. (See Table 2.20).  Comparison 
of the meta and para transition state energies indicated that the lower energy pathway 
corresponds to para attack, favored by over 28 kJ/mol.   
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Table 2.20:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR 
data, and reaction barrier difference for 2,3,4,5-
tetrafluorotriphenylphosphine oxide.  Yellow highlighted positions are the 
expected sites of nucleophilic aromatic substitution on the basis of charge 
and NMR data.  Cream highlighted positions are the sites of expected sites 
of nucleophilic aromatic substitution on the basis of charge and NMR data if 
steric hindrance was not a factor. 
 
 
 Aromatic Position  Reaction Barrier 
 2 3 4 5 6  Difference (kJ/mol)
a
 
13
C-NMR (ppm) 147.4 137.8 140.7 146.4 115.4   
Natural charges RM1 0.295 0.041 0.167 0.069 0.037  76.1 (RM1) 
Natural charges 
B3LYP 0.397 0.313 0.323 0.355 -0.262  28.5 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
Finally, the 2,3,4,5,6-pentafluoro species was investigated.  Like the 2,3,4,5-
tetrafluoro species, the ortho positions are the most positive charged sites on this 
compound and also have the most positive 
13
C-NMR chemical shifts.  Again, the ortho 
positions were ruled out based on steric hindrance.  Examination of positions 3, 4, and 5 
showed position 4 to be the most positive in natural charge and 
13
C-NMR chemical shift.  
Comparison of the meta and para transition states also indicates that the lower energy 
pathway is for para attack, favored by about 45 kJ/mol. (See Table 2.21.) 
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Table 2.21:   Calculated RM1 and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR 
data, and reaction barrier difference for 2,3,4,5,6-
pentafluorotriphenylphosphine oxide.  Yellow highlighted positions are the 
expected sites of nucleophilic aromatic substitution on the basis of charge 
and NMR data.  Cream highlighted positions are the sites of expected sites 
of nucleophilic aromatic substitution on the basis of charge and NMR data if 
steric hindrance was not a factor.  
 
 Aromatic Position  Reaction Barrier 
 2 3 4 5 6  Difference (kJ/mol)
a
 
13
C-NMR (ppm) 149.0 133.4 142.3 133.4 149.0   
Natural charges RM1 0.336 0.004 0.212 -0.008 0.335  81.6 (RM1) 
Natural charges 
B3LYP 0.390 0.296 0.331 0.300 0.411  44.6 (DFT) 
 
a
Difference in energy between the meta (higher) and para (lower) Meisenheimer 
complexes.  Positive values favor para attack. 
 
2.6 Use of Single Point DFT Energies in Place of Equilibrium 
Determination  
 
 As mentioned in the methods section (2.2), single point energies were calculated 
using the B3LYP/6-31+G* method with the equilibrium geometries from the RM1 semi-
empirical calculations (B3LYP/6-31+G*//RM1).  The reason that direct equilibrium 
calculations were not used for the B3LYP/6-31G* calculations was that “pathologic” 
geometric structures were obtained for many meta transition state calculations, shown in 
Figure 3.  These outcomes were prevalent in the benzophenone series and the 
triphenylphosphine oxide series.  They resulted because the Spartan’06 program 
recognizes that the meta intermediates are not reasonable outcomes, but maintains the 
imposed bonding scheme
11
.  Fortunately, the calculations in the diphenyl sulfone series 
were unaffected by the pathologic results for the transition state calculations.  To 
illustrate the validity of using the single point energy calculations, Tables 2.22-2.25 
demonstrate the similarity in the equilibrium and single point energies for the fluorinated 
diphenyl sulfone series. 
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Figure 2.3:  “Pathologic” meta transition state intermediate for 2,3,4,5-
Tetrafluorobenzophenone.  Gray represents carbon, white represents 
hydrogen, red represents oxygen, and cream represents fluorine 
 
 
Table 2.22:   Calculated B3LYP/6-31G* and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, and 19F-NMR data for 3,4-difluorodiphenyl sulfone.  
Highlighted positions are the expected sites of nucleophilic aromatic 
substitution on the basis of charge and NMR data. 
  
 Aromatic Position  Energies 
 2 3 4 5 6  (Hartrees) 
13
C-NMR (ppm) 115.1 150.1 154.1 118.1 123.7   
19
F-NMR (ppm)  -134.5 -130.5     
Natural charges 6-31G* -0.274 0.367 0.379 -0.287 -0.217  -1210.327 
Natural charges 6-31+G*//RM1 -0.249 0.358 0.384 -0.291 -0.197  -1210.338 
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Table 2.23:   Calculated B3LYP/6-31G* and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, and 19F-NMR data for 3,4,5,-trifluorodiphenyl sulfone.  
Highlighted positions are the expected sites of nucleophilic aromatic 
substitution on the basis of charge and NMR data. 
 
 Aromatic Position  Energies 
 2 3 4 5 6  (Hartrees) 
13
C-NMR (ppm) 110.7 151.7 141.1 151.7 110.7   
19
F-NMR (ppm)  -131 -151 -131    
Natural charges 6-31G* -0.292 0.376 0.317 0.376 -0.292  -1309.551 
Natural charges 6-31+G*//RM1 -0.268 0.370 0.323 0.370 -0.268  -1309.571 
 
 
 
Table 2.24:   Calculated B3LYP/6-31G* and B3LYP/6-31+G*//RM1 natural charges and 
13
C-NMR data for 2,3,4,5,-tetrafluorodiphenyl sulfone.  Highlighted 
positions are the expected sites of nucleophilic aromatic substitution on the 
basis of charge and NMR data. 
 
 Aromatic Position  Energies 
 2 3 4 5 6  (Hartrees) 
13
C-NMR (ppm) 144.3 138.7 142.7 147.3 112.3   
Natural charges 6-31G* 0.374 0.316 0.325 0.362 -0.281  -1408.772 
Natural charges 6-31+G*//RM1 0.390 0.314 0.330 0.358 -0.264  -1408.797 
 
 
 
Table 2.25:   Calculated B3LYP/6-31G* and B3LYP/6-31+G*//RM1 natural charges, 
13
C-NMR data, and 19F-NMR data for 2,3,4,5,6-pentafluorodiphenyl sulfone.  
Yellow highlighted positions are the expected sites of nucleophilic aromatic 
substitution on the basis of charge and NMR data.  Cream highlighted 
positions are the sites of expected sites of nucleophilic aromatic substitution 
on the basis of charge and NMR data if steric hindrance was not a factor.  
 
 
                       Aromatic Position     
  2 3 4 5 6   Energies 
13
C-NMR (ppm) 145.3 138.1 145.8 138.1 145.3   (Hartrees) 
19
F-NMR (ppm) -135.8 
-
157.6 
-
141.1 
-
157.6 
-
135.8     
Natural charges 6-31G* 0.387 0.301 0.332 0.300 0.383   -1507.986 
Natural charges 6-31+G*//RM1 0.400 0.300 0.338 0.299 0.399   -1508.017 
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2.7 Conclusions 
 
 Investigation of the relative stabilities of the Meisenheimer complexes for the 
nucleophilic aromatic substitution reactions permitted a reasonable rationalization of the 
experimental results.  The reactions take place via the lower energy intermediate.  More 
experimental results would be helpful in supporting the validity of this approach, 
particularly for the tetrafluoro and pentafluoro species.  Other schemes for nucleophilic 
aromatic substitution reactions
2
 could be explored in the future.  It should be noted that 
for all three 2,3,4,5-tetrafluoro species, 3,4,5-trifluorodiphenyl sulfone, and 3,4,5-
trifluorotriphenylphosphine oxide, the semi-empirical charge calculations suggest para 
attack.  Therefore, superficial examination of this problem with semi-empirical methods 
would have led to the correct solution.  However, the ab initio energetic analysis provides 
a better founded and more convincing analysis. 
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Chapter 3 
Quantum Chemical Analysis of the pKa’s of Aliphatic 
Carboxylic Acids 
3.1 Introduction 
 Previous studies in our group have shown that several quantum chemical 
descriptors for a set of substituted benzoic acids were strongly correlated with the 
experimental pKa’s of these compounds.
1
  More recently other studies have shown 
similar correlations for the experimental pKa’s of aliphatic amines.
2
  The study in this 
chapter is focused on extension of these studies to aliphatic carboxylic acids, in order to 
establish whether the experimental pKa’s of these compounds can be correlated to 
quantum chemical descriptors.  Collection of experimental pKa information, followed by 
quantum chemical calculations, and then finally regression analyses of the experimental 
pKa’s and appropriate quantum chemical indices, were performed.   
3.2 Methods 
 In preparation for the study of relationships between the experimental pKa’s and 
quantum chemical indices, the literature was searched to obtain relevant experimental 
pKa values.  The primary source used was the CRC Handbook of Chemistry and 
Physics;
3
 however other literatures sources were also found to be helpful. 
4,5,6,7,8,9
  The 
carboxylic acids selected for this study were small (fewer than 6 carbon atoms) 
carboxylic acids with a fairly broad range of pKa values, spanning from 0.52 to 5.03.  
Much of the pKa range was accomplished by the addition of halogens.  Further, most of 
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the carboxylic acids were monoacids, although some diacids and triacids were included 
in the study due to their biological interest.  The resulting compilation of these acids is 
shown in Table 3.1. 
 All calculations were performed using the Spartan’08 software.
10
  The first 
computational method used was the semi-empirical RM1 method.
11
  This semi-empirical 
method was an improvement over previous methods, such as AM1,
12
 and was used for its 
ability to give fast and reasonable results.  Following this, density functional theory 
(DFT) calculations were used at the B3LYP/ 6-31+G* level.  This level of theory was 
chosen as a compromise between ease of calculation (i.e. time consumed) and 
incorporation of a sufficient basis set to give reasonable accuracy.  In the 6-31+G* basis 
set, the inner shell orbitals are represented by 6 Gaussian functions, and the valence 
orbitals by 3 inner valence Gaussian functions and 1 outer valence Gaussian function.  In 
addition, polarization (*) and diffuse functions (+) were incorporated in the basis set, to 
better represent the carboxylate anions formed after dissociation of the corresponding 
carboxylic acids.  The polarization functions account for the polarization of heavy atom 
(carbon, nitrogen, oxygen, and halogens) orbitals.    
 The quantum chemical indices that were investigated were generally the same 
ones that were successful in the previous studies.
1,2
  These parameters were the natural 
charges
13
 of individual atoms and groups of atoms on the carboxylic acid and the 
carboxylate anions, dipole moments, carbonyl and hydroxyl vibrational frequency 
predictions, Nuclear Magnetic Resonance (NMR) chemical shift predictions (only for 
DFT), the energy difference between the carboxylic acid and carboxylate in the gas phase 
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(E), and the energy difference between the carboxylic acid and carboxylate in aqueous 
phase (Eaq), which relies on the SM5.4 solvent model
14
 for the aqueous solvation 
energies in both the RM1 calculations and B3LYP/ 6-31+G* calculations.  These 
parameters are summarized in Table 3.2 for the RM1 calculations and Table 3.3 for the 
B3LYP/ 6-31+G* calculations.   
 Statistical analyses were performed by using the Microsoft EXCEL
TM 
software 
program.  Linear regression analysis was used to look for correlations.  For this, the 
dependent variable, Y, was the pKa values, and the quantum chemical descriptors were 
the independent variables X.  The regression output values that were important were the 
r
2
 coefficient, y-intercept, slope, standard error (s), Fisher statistic (F), and the number of 
observations (n).  It is also important to determine the error values for the y-intercept and 
slope.  Further analysis of the regression output was performed in order to look for any 
data points that might be outliers, not consistent with the rest of the data points.  These 
outlying points were excluded when appropriate, and the regression analysis was 
performed again.   
3.3 Results and Discussion 
RM1 Calculations 
The quantum chemical descriptors from the RM1 calculations are shown in Table 
3.4, and those for the corresponding carboxylate anions in Table 3.5.  These results were 
utilized in the natural charges of groups and differences between the quantum chemical 
indices, leading to the corresponding values in Table 3.6.  The results from Tables 3.4-3.6 
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were subjected to regression analysis, and the output results of the regression analysis are 
summarized in Table 3.7.  As shown in Table 3.7, the best correlation was with the 
calculated vibrational –OH frequency stretch excluding the formic acid and isocitric acid 
data points.  The resulting equation is shown below: 
pKa =  -455(+ 29) + 0.141(+ 0.009) OH        (3.1) 
  n=39   r
2
 = 0.874   s=0.448   F=257 
 
Here n is the number of compounds; r
2
, the coefficient of determination (i.e., the square 
of the correlation coefficient); s, the standard error, and F, the Fisher statistic.  These 
results are also plotted in Figure 3.1.  The next best correlation was another vibrational  
frequency prediction, that for the carbonyl stretch of the carboxylate anion excluding the 
formate, citrate, isocitrate, and trifluoroacetate anions.  This is shown in Equation 3.2 
below and plotted in Figure 3.2: 
pKa =  118(+ 8) – 0.057(+ 0.004) C=O
-
        (3.2) 
   n=37   r
2
 = 0.852   s=0.465   F=201 
 
These correlations with the RM1 calculations were slightly inferior to the correlations 
found in the previous studies conducted in our group.  Further, the parameters that 
worked best earlier, the differences in energy, were only moderately successful, with r
2
 
values of 0.791 for the energy difference in the gas phase (E), and 0.621 for the energy 
difference in aqueous phase (Eaq).   
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DFT Calculations 
 The calculated quantum chemical results for the B3LYP/6-31+G* calculations are 
shown for the carboxylic acids in Table 3.8, and for the corresponding carboxylate anions 
in Table 3.9.  These tables did not include iodoacetic acid and citric acid, due to the 
B3LYP basis set limitations in the Spartan’08 program.  These results were utilized in 
determining the natural charges of groups and the differences between the quantum 
chemical energy indices, leading to the overall descriptor values in Table 3.10.  The 
results from Tables 3.8-3.10 were subjected to regression analysis, and the output results 
of the regression analysis are summarized in Table 3.11.  As noted in this table, the best 
correlation with pKa was for the vibrational frequencies prediction for the carbonyl 
stretch of the carboxylate anion (excluding the isocitrate anion), as shown in Equation 3.3 
below and plotted in Figure 3.3: 
pKa =  58.2(+ 5.1) – 0.032(+ 0.003) C=O
-
        (3.3) 
   n=38   r
2
 = 0.764   s=0.623   F=117 
 
These correlations with the B3LYP/ 6-31+G* calculations were inferior to the 
correlations found in the previous studies conducted in our group.  Further, the 
parameters were that best earlier, the differences in energy, were only moderately 
correlated with r
2
 values of 0.742 for energy differences in the gas phase (E), and 0.482 
for the energy differences in aqueous phase (Eaq). 
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3.4 Conclusion 
 In contrast to previous studies from our group, this study has been somewhat 
disappointing in finding good correlations between the experimental pKa’s and quantum 
chemical descriptors.  Also, it was not expected that the semi-empirical RM1 method 
would have much better results than the more elaborate density functional theory 
calculations at the B3LYP/ 6-31+G* level.   Perhaps future work can investigate the use 
of a larger basis sets for the B3LYP calculations, possibly at the very elaborate 6-
311++G** basis set.  Also, calculations using the recently developed SM8 solvent 
model
15
 may yield better results.  Although some attempts have been made, our version 
of the software package was not able to accommodate the diverse nature of the 
compounds in time to complete all of the SM8 analyses needed for the complete series of 
carboxylic acids for this study.  Like most new software, time and patches are needed to 
“work out the bugs”.  Also, the carboxylic acid selection set included only alkanes, and 
not alkene or alkyne carboxylic acids, and this choice may have been too restrictive.  
Excellent fitting was observed in the previous study of the substituted benzoic acids
1
, and 
perhaps the common carbon skeleton with its delocalization of the electronic charge 
through a -system aided to the success of the correlation between experimental pKa’s 
and quantum chemical descriptors in that study.   
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Table 3.1:  Experimental pKa’s for Carboxylic Acids 
No. Compound Name Line Formula 
Molecular 
Formula 
pKa
* CAS Number 
1 Formic Acid HCOOH CH2O2 3.75 64-18-6 
2 Acetic Acid CH3COOH C2H4O2 4.76 64-19-7 
3 Glycolic acid HOCH2COOH C2H4O3 3.83 79-14-1 
4 Glyoxylic acid  H(CO)COOH C2H2O3 3.18 298-12-4 
5 Nitroacetic acid O2NCH2COOH C2H3NO4 1.48 625-75-2 
6 Thioglycolic acid HSCH2COOH C2H4O2S 3.68 68-11-1 
7 Fluoroacetic acid FH2CCOOH C2H3FO2 2.59 144-49-0 
8 Chloroacetic acid ClH2CCOOH C2H3ClO2 2.87 79-11-8 
9 Bromoacetic acid BrH2CCOOH C2H3BrO2 2.90 79-08-3 
10 Iodoacetic acid IH2CCOOH C2H3IO2 3.18 64-69-7 
11 Difluoroacetic acid F2HCCOOH C2H2F2O2 1.24
† 381-73-7 
12 Dichloroacetic acid Cl2HCCOOH C2H2Cl2O2 1.35 79-43-6 
13 Trifluoroacetic acid F3CCOOH C2HF3O2 0.52 76-05-1 
14 Trichloroacetic acid Cl3CCOOH C2HCl3O2 0.66 76-03-9 
15 Propionic acid CH3CH2COOH C3H6O2 4.87 79-09-4 
16 2-Chloropropionic acid CH3CHClCOOH C3H5ClO2 2.83 598-78-7 
17 3-Chloropropionic acid ClH2CCH2COOH C3H5ClO2 3.98 107-94-8 
18 3-Hydroxypropionic acid HOH2CCH2COOH C3H6O3 4.51 503-66-2 
19 Glyceric Acid  HOH2CCH(OH)COOH C3H6O4 3.52 473-81-4 
20 Pyruvic acid CH3(CO)COOH C3H4O3 2.39 127-17-3 
21 Lactic acid CH3CH(OH)COOH C3H6O3 3.86 50-21-5 (D/L) 
22 (Methylthio)acetic acid H3CSCH2COOH C3H6O2S 3.66 2444-37-3 
23 2-Oxobutanoic acid CH3CH2(CO)COOH C4H6O3 2.50 600-18-0 
24 2-Chlorobutanoic acid CH3CH2CHClCOOH C4H7ClO2 2.86 4170-24-5 
25 3-Chlorobutanoic acid CH3CHClCH2COOH C4H7ClO2 4.05 625-68-3 
26 4-Chlorobutanoic acid ClH2CCH2CH2COOH C4H7ClO2 4.52 627-00-9 
27 Butanoic acid CH3CH2CH2COOH C4H8O2 4.83 107-92-6 
28 2-Methylpropanoic acid (CH3)2CHCOOH C4H8O2 4.84 79-31-2 
29 3-Hydroxybutanoic acid CH3CH(OH)CH2COOH C4H8O3 4.70 300-85-6 
30 4-hydroxybutanoic acid HOH2CCH2CH2COOH C4H8O3 4.72 591-81-1 
31 Cyclopropane carboxylic acid CH2CH2CHCOOH C4H6O2 4.83 1759-53-1 
32 Ethoxyacetic acid H3CH2COCH2COOH C4H8O3 3.66 627-03-2 
33 2,2-Dimethylpropanoic acid (CH3)3CCOOH C5H10O2 5.03 75-98-9 
    
  
34 Oxalic acid HO2CCOOH C2H2O4 1.25 144-62-7 
35 Malonic acid HO2CCH2COOH C3H4O4 2.85 141-82-2 
36 Oxaloacetic acid HO2CCH2(CO)COOH C4H4O5 2.55 328-42-7 
37 Succinic acid HO2CCH2CH2COOH C4H6O4 4.21 110-15-6 
38 Malic acid HO2CCH2CH(OH)COOH C4H6O5 3.40 6915-15-7 
39 -Ketoglutaric acid HO2CCH2CH2(CO)COOH C5H6O5 2.47 328-50-7 
40 Citric acid HO2CCH2C(OH)(CO2H)CH2COOH C6H8O7 3.13 77-92-9 
41 Isocitric acid HO2CCH2CH(CO2H)CH(OH)COOH C6H8O7 3.29 320-77-4 
*
 pKa values from Ref. [3]    
†
 pKa value from Ref.[6] [7] [9]    
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Table 3.2:  Quantum Chemical Parameters Examined by RM1 Calculations 
Qn(C) Natural charge of the alpha carbon of the carboxylic acid 
Qn(C)C=O Natural charge of the carbonyl carbon of the carboxylic acid 
Qn(O)C=O Natural charge of the carbonyl oxygen of the carboxylic acid 
Qn(O) Natural charge of the hydroxyl oxygen of the carboxylic acid 
Qn(H) Natural charge of the acidic proton of the carboxylic acid 
E Gas phase energy of carboxylic acid in KJ/mol 
Eaq 
Aqueous phase energy of carboxylic acid in KJ/mol using the SM5.4 solvent 
model 
Dipole Dipole moment of carboxylic acid in Debyes 
C=O Vibrational Frequency of the carbonyl stretch of the carboxylic acid in cm
-1
 
OH Vibrational Frequency of the acidic proton of the carboxylic acid in cm
-1
 
Qn(C

) Natural charge of the alpha carbon of the carboxylate 
Qn(C
-
)C=O Natural charge of the carbonyl carbon of the carboxylate 
Qn(O
-
)C=O Natural charge of the carbonyl oxygen of the carboxylate 
Qn(O
-
) Natural charge of the hydroxyl oxygen of the carboxylate 
E
-
 Gas phase energy of carboxylate in KJ/mol 
Eaq
-
 Aqueous phase energy of carboxylate in KJ/mol 
Dipole
-
 Dipole moment of carboxylate in Debyes 
C=O
-
 Vibrational Frequency of the carbonyl stretch of the carboxylate in cm
-1
 
Qn(COOH) Natural charge of the carboxylic acid group 
Qn(COO
-
) Natural charge of the carboxylate group 
E  
Difference in gas phase energy between carboxylic acid and carboxylate in 
KJ/mol 
Eaq 
Difference in aqueous phase energy between carboxylic acid and carboxylate 
in KJ/mol using the SM5.4 solvent model 
Dipole 
Difference in the dipole moment of the carboxylic acid and the carboxylate in 
Debyes 
C=O 
Difference in the Vibrational Frequency of the carbonyl stretch of the 
carboxylic acid and the carboxylate in cm
-1
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Table 3.3:  Quantum Chemical Parameters Examined by B3LYP/6-31+G* Calculations 
Qn(C) Natural charge of the alpha carbon of the carboxylic acid 
Qn(C)C=O 
Natural charge of the carbonyl carbon of the carboxylic acid 
Qn(O)C=O 
Natural charge of the carbonyl oxygen of the carboxylic acid 
Qn(O) 
Natural charge of the hydroxyl oxygen of the carboxylic acid 
Qn(H) Natural charge of the acidic proton of the carboxylic acid 
E Gas phase energy of carboxylic acid in Hartrees 
Eaq Aqueous phase energy of carboxylic acid in Hartrees using the SM5.4 solvent model 
Dipole Dipole moment of carboxylic acid in Debyes 
C=O Vibrational Frequency of the carbonyl stretch of the carboxylic acid in cm
-1
 
OH Vibrational Frequency of the acidic proton stretch of the carboxylic acid in cm
-1
 

Nuclear Magnetic Resonance Spectroscopy chemical shift of the carbonyl of the 
carboxylic acid in ppm 
Qn(C

) Natural charge of the alpha carbon of the carboxylate 
Qn(C
-
)C=O 
Natural charge of the carbonyl carbon of the carboxylate 
Qn(O
-
)C=O 
Natural charge of the carbonyl oxygen of the carboxylate 
Qn(O
-
) Natural charge of the hydroxyl oxygen of the carboxylate 
E
-
 Gas phase energy of carboxylate in Hartrees 
Eaq
-
 Aqueous phase energy of carboxylate in Hartrees 
Dipole
-
 Dipole moment of carboxylate in debyes 
C=O
-
 Vibrational Frequency of the carbonyl stretch of the carboxylate in cm
-1
 

-
 
Nuclear Magnetic Resonance Spectroscopy chemical shift of the carbonyl of the 
carboxylate anion in ppm 
Qn(COOH) Natural charge of the carboxylic acid group 
Qn(COO
-
) Natural charge of the carboxylate group 
E  Difference in gas phase energy between carboxylic acid and carboxylate in Hartrees 
Eaq 
Difference in aqueous phase energy between carboxylic acid and carboxylate in 
Hartrees using the SM5.4 solvent model 
Dipole Difference in the dipole moment of the carboxylic acid and the carboxylate in Debyes 
C=O 
Difference in the Vibrational Frequency of the carbonyl stretch of the carboxylic acid 
and the carboxylate in cm
-1
 
 
Difference in Nuclear Magnetic Resonance Spectroscopy chemical shift of the 
carbonyl of the carboxylate anion in ppm 
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Table 3.4:  RM1 Calculation Data for Carboxylic Acids 
No. Compound Name Qn(C) Qn(C)C=O Qn(O)C=O Qn(O) Qn(H) E  Eaq Dipole C=O OH 
1 Formic Acid 0 0.296 -0.300 -0.309 0.216 -352.49 -382.55 3.93 1927 3329 
2 Acetic Acid -0.216 0.364 -0.370 -0.331 0.238 -424.24 -441.12 1.79 1983 3270 
3 Glycolic acid 0.016 0.305 -0.362 -0.319 0.242 -584.71 -616.35 1.82 1984 3260 
4 Glyoxylic acid  0.228 0.255 -0.337 -0.289 0.241 -485.06 -502.20 0.55 1987 3251 
5 Nitroacetic acid -0.133 0.344 -0.327 -0.299 0.251 -396.42 -409.75 3.03 2002 3249 
6 Thioglycolic acid -0.259 0.362 -0.367 -0.317 0.242 -381.25 -405.93 1.27 1976 3261 
7 Fluoroacetic acid 0.104 0.303 -0.356 -0.297 0.241 -579.24 -597.11 0.52 1985 3255 
8 Chloroacetic acid -0.014 0.342 -0.338 -0.312 0.246 -435.34 -459.66 2.13 1986 3259 
9 Bromoacetic acid -0.104 0.352 -0.343 -0.315 0.245 -391.97 -416.93 1.76 1984 3260 
10 Iodoacetic acid -0.303 0.362 -0.354 -0.319 0.245 -330.44 -349.96 1.14 1986 3261 
11 Difluoroacetic acid 0.376 0.267 -0.308 -0.300 0.249 -784.77 -801.32 2.24 1994 3250 
12 Dichloroacetic acid 0.119 0.331 -0.328 -0.281 0.251 -437.31 -460.50 0.51 1978 3244 
13 Trifluoroacetic acid 0.595 0.286 -0.277 -0.281 0.257 -1027.88 -1037.34 2.23 1999 3235 
14 Trichloroacetic acid 0.212 0.332 -0.290 -0.286 0.256 -432.36 -450.67 1.48 1984 3240 
15 Propionic acid -0.135 0.352 -0.370 -0.328 0.236 -443.95 -458.74 1.84 1983 3268 
16 2-Chloropropionic acid 0.078 0.333 -0.345 -0.307 0.246 -470.92 -492.52 2.46 1979 3255 
17 3-Chloropropionic acid -0.182 0.351 -0.354 -0.332 0.244 -473.81 -497.48 1.80 1983 3261 
18 3-Hydroxypropionic acid -0.21 0.355 -0.363 -0.341 0.243 -610.85 -641.06 0.42 1982 3265 
19 Glyceric Acid  0.026 0.301 -0.360 -0.331 0.246 -779.14 -818.53 1.22 1975 3257 
20 Pyruvic acid 0.280 0.278 -0.341 -0.291 0.24 -531.87 -547.34 1.17 1988 3252 
21 Lactic acid 0.092 0.295 -0.364 -0.318 0.24 -613.05 -638.71 1.97 1976 3260 
22 (Methylthio)acetic acid -0.279 0.367 -0.374 -0.319 0.24 -422.05 -445.9 0.91 1974 3263 
23 2-Oxobutanoic acid 0.285 0.287 -0.331 -0.315 0.242 -558.85 -580.45 2.89 1993 3256 
24 2-Chlorobutanoic acid 0.060 0.339 -0.330 -0.327 0.245 -488.08 -508.00 2.66 1988 3262 
25 3-Chlorobutanoic acid -0.189 0.352 -0.355 -0.331 0.243 -510.59 -531.97 1.86 1984 3264 
26 4-Chlorobutanoic acid -0.153 0.347 -0.363 -0.331 0.238 -498.47 -522.32 3.11 1984 3267 
27 Butanoic acid -0.147 0.356 -0.373 -0.329 0.236 -464.77 -478.41 1.82 1981 3269 
28 2-Methylpropanoic acid -0.057 0.344 -0.373 -0.325 0.236 -470.88 -483.35 1.96 1978 3265 
29 3-Hydroxybutanoic acid -0.212 0.360 -0.367 -0.340 0.241 -647.25 -673.52 0.39 1981 3265 
30 4-hydroxybutanoic acid -0.149 0.353 -0.374 -0.325 0.237 -624.03 -656.03 0.47 1985 3266 
31 Cyclopropane carboxylic acid -0.172 0.381 -0.368 -0.326 0.236 -302.87 -318.04 1.90 1985 3267 
32 Ethoxyacetic acid 0.012 0.312 -0.357 -0.331 0.239 -586.15 -605.96 2.03 1983 3263 
33 2,2-Dimethylpropanoic acid 0.018 0.342 -0.372 -0.329 0.235 -505.51 -516.05 1.88 1977 3267 
  
         
 
34 Oxalic acid 0.337 0.337 -0.300 -0.283 0.246 -716.28 -742.38 2.34 2012 3244 
35 Malonic acid -0.185 0.370 -0.347 -0.318 0.247 -779.16 -814.51 2.29 1989 3260 
36 Oxaloacetic acid 0.293 0.304 -0.344 -0.285 0.244 -891.94 -924.94 0.92 1984 3258 
37 Succinic acid -0.140 0.360 -0.360 -0.326 0.242 -807.60 -839.08 2.37 1986 3267 
38 Malic acid 0.101 0.300 -0.338 -0.332 0.251 -982.45 -1021.67 2.02 1992 3256 
39 a-Ketoglutaric acid 0.291 0.282 -0.340 -0.296 0.243 -923.42 -962.43 2.92 1986 3250 
40 Citric acid -0.208 0.358 -0.367 -0.321 0.246 -1379.30 -1435.90 3.94 1977 3257 
41 Isocitric acid 0.093 0.293 -0.324 -0.316 0.234 -1317.47 -1365.51 3.37 2106 3409 
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Table 3.5:  RM1 Calculation Data for Carboxylate Anions 
No. Compound Name Qn(C

) Qn(C
-)C=O Qn(O
-)C=O Qn(O
-
) E
-
 Eaq
-
 Dipole
-
 C=O
-
 
1 Formic Acid 0.000 0.353 -0.638 -0.638 -425.39 -735.66 3.59 1955 
2 Acetic Acid -0.265 0.399 -0.617 -0.620 -478.17 -772.2 7.50 1978 
3 Glycolic acid -0.069 0.360 -0.607 -0.571 -679.26 -952.14 5.19 2002 
4 Glyoxylic acid  0.144 0.34 -0.587 -0.551 -592.23 -862.42 5.07 2003 
5 Nitroacetic acid -0.217 0.429 -0.569 -0.540 -550.52 -785.38 6.31 2029 
6 Thioglycolic acid -0.227 0.397 -0.596 -0.587 -479.37 -754.30 5.47 1985 
7 Fluoroacetic acid -0.007 0.378 -0.606 -0.572 -671.07 -946.87 6.52 2003 
8 Chloroacetic acid -0.007 0.392 -0.575 -0.575 -542.31 -805.67 6.45 2005 
9 Bromoacetic acid -0.056 0.394 -0.576 -0.575 -494.09 -753.30 6.43 2003 
10 Iodoacetic acid -0.218 0.395 -0.599 -0.557 -430.42 -682.85 6.31 1990 
11 Difluoroacetic acid 0.213 0.381 -0.538 -0.570 -920.13 -1174.30 5.34 2034 
12 Dichloroacetic acid 0.161 0.399 -0.509 -0.563 -588.02 -824.02 4.97 2025 
13 Trifluoroacetic acid 0.378 0.432 -0.505 -0.504 -1223.06 -1451.95 3.13 2082 
14 Trichloroacetic acid 0.275 0.420 -0.493 -0.492 -618.36 -830.67 3.25 2053 
15 Propionic acid -0.220 0.397 -0.610 -0.619 -499.60 -783.46 9.59 1977 
16 2-Chloropropionic acid 0.054 0.392 -0.567 -0.578 -578.55 -837.14 9.14 2005 
17 3-Chloropropionic acid -0.307 0.414 -0.606 -0.579 -583.89 -833.01 5.66 2000 
18 3-hydroxypropionic acid -0.279 0.406 -0.607 -0.608 -686.1 -974.29 9.25 1985 
19 Glyceric Acid  -0.079 0.418 -0.584 -0.587 -861.71 -1157.95 10.06 2006 
20 Pyruvic acid 0.189 0.361 -0.583 -0.548 -637.93 -900.6 8.9 2004 
21 Lactic acid -0.034 0.414 -0.584 -0.597 -676.58 -970.58 10.44 2001 
22 (Methylthio)acetic acid -0.255 0.396 -0.603 -0.584 -508.27 -782.14 6.93 1989 
23 2-Oxobutanoic acid 0.202 0.372 -0.575 -0.571 -671.98 -937.58 11.82 1995 
24 2-Chlorobutanoic acid 0.045 0.392 -0.570 -0.576 -600.78 -854.46 12.13 2005 
25 3-Chlorobutanoic acid -0.310 0.413 -0.608 -0.580 -618.90 -864.20 7.46 1996 
26 4-Chlorobutanoic acid -0.229 0.400 -0.612 -0.605 -576.35 -845.10 11.47 1983 
27 Butanoic acid -0.224 0.396 -0.611 -0.617 -523.12 -800.36 12.63 1977 
28 2-Methylpropanoic acid -0.164 0.397 -0.606 -0.613 -528.48 -803.73 10.02 1980 
29 3-Hydroxybutanoic acid -0.284 0.400 -0.568 -0.608 -744.44 -1052.5 10.07 1964 
30 4-hydroxybutanoic acid -0.228 0.401 -0.605 -0.609 -703.97 -986.07 11.34 1983 
31 Cyclopropane carboxylic acid -0.177 0.413 -0.605 -0.605 -365.62 -644.9 10.03 1981 
32 Ethoxyacetic acid -0.068 0.371 -0.587 -0.607 -661.81 -936.4 10.16 1988 
33 2,2-Dimethylpropanoic acid -0.102 0.398 -0.602 -0.608 -564.50 -831.30 10.17 1980 
          34 Oxalic acid 0.233 0.369 -0.502 -0.594 -871.65 -1119.10 3.67 2040 
35 Malonic acid -0.292 0.432 -0.586 -0.580 -885.68 -1158.39 8.00 2008 
36 Oxaloacetic acid 0.205 0.369 -0.515 -0.574 -1036.71 -1280.99 7.63 2012 
37 Succinic acid -0.222 0.402 -0.600 -0.573 -900.84 -1162.12 8.04 1980 
38 Malic acid -0.012 0.367 -0.547 -0.598 -1099.39 -1358.47 7.65 1999 
39 -Ketoglutaric acid 0.203 0.377 -0.572 -0.558 -1051.93 -1319.57 12.14 2002 
40 Citric acid -0.294 0.403 -0.578 -0.534 -1521.24 -1819.05 11.61 1557 
41 Isocitric acid 0.012 0.343 -0.497 -0.686 -1393.44 -1696.91 11.63 2081 
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Table 3.6:  Group and Difference Data for the RM1 Calculations 
No. Compound Name pKa Qn(COOH) Qn(COO
-
) E  Eaq Dipole  C=O 
1 Formic Acid 3.75 -0.097 -0.923 -72.90 -353.11 -0.34 28 
2 Acetic Acid 4.76 -0.099 -0.838 -53.93 -331.08 5.71 -5 
3 Glycolic acid 3.83 -0.134 -0.818 -94.55 -335.79 3.37 18 
4 Glyoxylic acid  3.18 -0.130 -0.798 -107.17 -360.22 4.52 16 
5 Nitroacetic acid 1.48 -0.031 -0.680 -154.10 -375.63 3.28 27 
6 Thioglycolic acid 3.68 -0.080 -0.786 -98.12 -348.37 4.20 9 
7 Fluoroacetic acid 2.59 -0.109 -0.800 -91.83 -349.76 6.00 18 
8 Chloroacetic acid 2.87 -0.062 -0.758 -106.97 -346.01 4.32 19 
9 Bromoacetic acid 2.90 -0.061 -0.757 -102.12 -336.37 4.67 19 
10 Iodoacetic acid 3.18 -0.066 -0.761 -99.98 -332.89 5.17 4 
11 Difluoroacetic acid 1.24 -0.092 -0.727 -135.36 -372.98 3.10 40 
12 Dichloroacetic acid 1.35 -0.027 -0.673 -150.71 -363.52 4.46 47 
13 Trifluoroacetic acid 0.52 -0.015 -0.577 -195.18 -414.61 0.90 83 
14 Trichloroacetic acid 0.66 0.012 -0.565 -186.00 -380.00 1.77 69 
15 Propionic acid 4.87 -0.110 -0.832 -55.65 -324.72 7.75 -6 
16 2-Chloropropionic acid 2.83 -0.073 -0.753 -107.63 -344.62 6.68 26 
17 3-Chloropropionic acid 3.98 0.617 -0.771 -110.08 -335.53 3.86 17 
18 3-Hydroxypropionic acid 4.51 -0.106 -0.809 -75.25 -333.23 8.83 3 
19 Glyceric Acid  3.52 -0.144 -0.753 -82.57 -339.42 8.84 31 
20 Pyruvic acid 2.39 -0.114 -0.770 -106.06 -353.26 7.73 16 
21 Lactic acid 3.86 -0.147 -0.767 -63.53 -331.87 8.47 25 
22 (Methylthio)acetic acid 3.66 -0.086 -0.791 -86.22 -336.24 6.02 15 
23 2-Oxobutanoic acid 2.50 -0.117 -0.774 -113.13 -357.13 8.93 2 
24 2-Chlorobutanoic acid 2.86 -0.073 -0.754 -112.70 -346.46 9.47 17 
25 3-Chlorobutanoic acid 4.05 -0.091 -0.775 -108.31 -332.23 5.60 12 
26 4-Chlorobutanoic acid 4.52 -0.109 -0.817 -77.88 -322.78 8.36 -1 
27 Butanoic acid 4.83 -0.110 -0.832 -58.35 -321.95 10.81 -4 
28 2-Methylpropanoic acid 4.84 -0.118 -0.822 -57.60 -320.38 8.06 2 
29 3-Hydroxybutanoic acid 4.70 -0.106 -0.776 -97.19 -378.98 9.68 -17 
30 4-hydroxybutanoic acid 4.72 -0.109 -0.813 -79.94 -330.04 10.87 -2 
31 Cyclopropane carboxylic 
acid 
4.83 -0.077 -0.797 -62.75 -326.86 8.13 -4 
32 Ethoxyacetic acid 3.66 -0.137 -0.823 -75.66 -330.44 8.13 5 
33 2,2-Dimethylpropanoic acid 5.03 -0.124 -0.812 -58.99 -315.25 8.29 3 
         34 Oxalic acid 1.25 0.000 -0.727 -155.37 -376.72 1.33 28 
35 Malonic acid 2.85 -0.048 -0.734 -106.52 -343.88 5.71 19 
36 Oxaloacetic acid 2.55 -0.081 -0.720 -144.77 -356.05 6.71 28 
37 Succinic acid 4.21 -0.084 -0.771 -93.24 -323.04 5.67 -6 
38 Malic acid 3.40 -0.119 -0.778 -116.94 -336.80 5.63 7 
39 -Ketoglutaric acid 2.47 -0.111 -0.753 -128.51 -357.14 9.22 16 
40 Citric acid 3.13 -0.084 -0.709 -141.94 -383.15 7.67 -420 
41 Isocitric acid 3.29 -0.113 -0.840 -75.97 -331.40 8.26 -25 
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Table 3.7:  Summation of Regression Results from RM1 Calculations  
 
Intercept Intercept 
Error 
X-Variable X-Variable 
Error 
r
2
 Standard 
Error 
Fisher Observations 
Qn(C) 3.31 0.14 -3.98 0.67 0.48 0.900 35 40 
Qn(C)C=O -2.28 1.77 16.93 5.33 0.205 1.10 10 41 
Qn(O)C=O -11.04 1.52 -41.36 4.36 0.697 0.680 90 41 
Qn(O)C=O Minus Formic -12.90 1.30 -46.54 3.72 0.805 0.550 157 40 
Qn(O) -15.19 1.94 -58.72 6.15 0.700 0.680 91 41 
Qn(H) 32.16 5.14 -119.07 21.22 0.447 0.920 31 41 
Qn(H) Minus Formic 47.50 5.29 -181.92 21.77 0.648 0.740 70 40 
Dipole 3.59 0.44 -0.16 0.21 0.014 1.22 0.5 41 
IRC=O 25.76 16.90 -0.011 0.009 0.043 1.21 2 41 
C=O Minus Formic and Isocitric 186.93 44.71 -0.093 0.023 0.313 1.05 17 39 
OH -41.26 22.48 0.014 0.007 0.092 1.17 4 41 
OH Minus Formic and Isocitric -455.07 28.59 -0.141 0.009 0.874 0.448 257 39 
Qn(C
) 2.99 0.14 -4.73 0.66 0.574 0.813 51 40 
Qn(C
) Minus Nitroacetate 3.04 0.12 -5.00 0.58 0.669 0.706 75 39 
Qn(C
-)C=O 3.01 3.39 -0.73 8.62 0.0002 1.23 0.01 41 
Qn(O
-)C=O -11.22 1.99 -25.11 3.44 0.577 0.801 53 41 
Qn(O
-)C=O Minus Isocitrate -13.34 1.95 -28.67 3.35 0.659 0.729 73 40 
Qn(O
-) -10.74 2.45 -24.08 4.20 0.458 0.907 33 41 
Qn(O
-) Minus Isocitrate -14.92 2.43 -31.37 4.18 0.597 0.792 56 40 
Dipole- 1.40 0.52 0.23 0.06 0.277 1.05 15 41 
C=O
- 11.70 5.04 -0.0042 0.0025 0.067 1.19 3 41 
C=O
- Minus Citrate 74.38 9.30 -0.036 0.005 0.606 0.783 58 40 
C=O
- Minus Citrate and Isocitrate 95.04 7.96 -0.046 0.004 0.782 0.590 133 39 
C=O
- Minus Citrate Isocitrate and 
Formate 
102.46 7.46 -0.050 0.004 0.831 0.527 177 38 
C=O
- Minus Citrate Isocitrate 
Formate and Trifluoroacetate 
118.24 8.09 -0.057 0.004 0.852 0.465 201 37 
Qn(COOH) 1.37 0.38 -21.54 3.90 0.440 0.922 31 41 
Qn(COO
-) -7.98 1.44 -14.66 1.87 0.612 0.767 62 41 
Qn(COO
-) Minus Formate -9.44 1.43 -16.64 1.86 0.677 0.71 80 40 
E  6.51 0.28 0.031 0.003 0.791 0.563 148 41 
Eaq 18.89 1.95 0.045 0.006 0.621 0.758 64 41 
Eaq Minus 3-Hydroxybutanoic 20.79 1.57 0.051 0.005 0.767 0.592 125 40 
Dipole 1.72 0.40 0.25 0.06 
 
0.324 1.01 19 41 
Dipole Minus Formic 1.30 0.41 0.31 0.06 0.413 0.954 27 40 
C=O 3.32 0.19 -0.0035 0.0027 0.042 1.206 2 41 
C=O Minus Citrate 4.01 0.15 -0.047 0.006 0.624 0.765 63 40 
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Table 3.8:  B3LYP/6-31+G* Calculation Data for Carboxylic Acids 
No. Compound Name Qn(C) Qn(C)C=O Qn(O)C=O Qn(O) Qn(H) E  Eaq Dipole C=O OH 
1 Formic Acid 0.000 0.636 -0.559 -0.716 0.508 -189.761 -189.772 4.18 1870 3724 148.3 
2 Acetic Acid -0.751 0.966 -0.705 -0.802 0.526 -227.815 -227.821 2.00 1824 3683 164.1 
3 Glycolic acid -0.144 0.945 -0.720 -0.786 0.532 -302.664 -302.675 2.56 1812 3678 169.5 
4 Glyoxylic acid  0.405 0.859 -0.667 -0.764 0.533 -301.485 -301.492 1.29 1805 3671 153.3 
5 Nitroacetic acid -0.353 0.960 -0.675 -0.778 0.540 -431.273 -431.282 2.56 1835 3684 156.8 
6 Thioglycolic acid -0.672 0.961 -0.707 -0.789 0.529 -625.317 -625.327 1.32 1815 3677 166.7 
7 Fluoroacetic acid -0.010 0.927 -0.708 -0.770 0.529 -326.659 -326.665 0.20 1820 3678 163.6 
8 Chloroacetic acid -0.535 0.788 -0.581 -0.711 0.519 -688.681 -688.689 1.71 1823 3684 162.2 
9 Bromoacetic acid -0.581 0.949 -0.683 -0.787 0.532 -2799.329 -2799.337 2.00 1822 3685 163.2 
11 Difluoroacetic acid 0.628 0.895 -0.651 -0.785 0.535 -425.516 -425.522 3.19 1861 3681 156.4 
12 Dichloroacetic acid -0.333 0.945 -0.669 -0.771 0.536 -1145.591 -1145.599 0.81 1822 3686 159.6 
13 Trifluoroacetic acid 1.176 0.887 -0.647 -0.763 0.538 -524.383 -524.386 2.57 1861 3673 153.5 
14 Trichloroacetic acid -0.228 0.942 -0.645 -0.771 0.539 -1604.466 -1604.473 1.88 1844 3691 156.6 
15 Propionic acid -0.542 0.973 -0.708 -0.802 0.525 -266.849 -266.855 2.10 1815 3682 168.1 
16 2-Chloropropionic acid -0.299 0.959 -0.685 -0.787 0.531 -725.744 -725.750 2.29 1817 3682 164.5 
17 3-Chloropropionic acid -0.559 0.973 -0.694 -0.803 0.531 -725.748 -725.755 2.08 1825 3678 162.0 
18 3-Hydroxypropionic acid -0.577 0.976 -0.697 -0.823 0.534 -341.700 -341.712 0.80 1827 3684 165.7 
19 Glyceric Acid  -0.009 0.926 -0.687 -0.801 0.539 -416.550 -416.566 2.76 1811 3672 171.2 
20 Pyruvic acid 0.574 0.883 -0.678 -0.761 0.530 -340.531 -340.537 1.42 1800 3681 153.7 
21 Lactic acid 0.029 0.958 -0.721 -0.786 0.531 -341.703 -341.712 2.59 1804 3679 172.2 
22 (Methylthio)acetic acid -0.681 0.962 -0.713 -0.789 0.528 -664.352 -664.362 0.62 1804 3678 164.6 
23 2-Oxobutanoic acid 0.582 0.885 -0.651 -0.796 0.533 -379.564 -379.571 4.53 1836 3666 152.3 
24 2-Chlorobutanoic acid -0.333 0.933 -0.650 -0.797 0.533 -764.774 -764.780 3.35 1840 3684 162.7 
25 3-Chlorobutanoic acid -0.559 0.944 -0.670 -0.801 0.533 -764.784 -764.790 2.02 1823 3679 162.5 
26 4-Chlorobutanoic acid -0.559 0.945 -0.678 -0.805 0.532 -764.782 -764.789 3.59 1820 3680 164.3 
27 Butanoic acid -0.538 0.973 -0.706 -0.804 0.526 -305.883 -305.889 2.18 1814 3686 166.6 
28 2-Methylpropanoic acid -0.358 0.982 -0.707 -0.804 0.526 -305.884 -305.888 2.16 1809 3684 170.3 
29 3-Hydroxybutanoic acid -0.575 0.946 -0.671 -0.820 0.535 -380.736 -380.746 0.42 1825 3679 165.2 
30 4-hydroxybutanoic acid -0.549 0.944 -0.686 -0.798 0.528 -380.731 -380.744 0.24 1812 3682 167.0 
31 Cyclopropane carboxylic acid -0.392 0.977 -0.711 -0.807 0.529 -304.685 -304.691 2.61 1805 3698 167.0 
32 Ethoxyacetic acid -0.148 0.913 -0.675 -0.800 0.531 -380.722 -380.731 2.31 1836 3678 165.4 
33 2,2-Dimethylpropanoic acid -0.202 0.963 -0.686 -0.799 0.528 -344.916 -344.920 1.92 1805 3685 172.4 
             
34 Oxalic acid 0.870 0.870 -0.636 -0.767 0.533 -376.371 -376.380 3.18 1851 3675 148.3 
35 Malonic acid -0.634 0.980 -0.687 -0.793 0.532 -415.428 -415.441 2.79 1823 3680 161.6 
36 Oxaloacetic acid 0.582 0.894 -0.681 -0.758 0.532 -528.146 -528.158 1.99 1804 3678 155.5 
37 Succinic acid -0.547 0.980 -0.704 -0.803 0.531 -454.466 -454.479 1.08 1821 3681 164.0 
38 Malic acid -0.574 0.938 -0.659 -0.814 0.538 -529.312 -529.327 2.16 1831 3677 163.2 
39 -Ketoglutaric acid 0.557 0.859 -0.656 -0.754 0.533 -567.183 -567.196 3.04 1803 3677 153.6 
41 Isocitric acid 0.037 0.919 -0.657 -0.790 0.525 -755.976 -755.995 3.96 1996 3994 158.7 
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Table 3.9:  B3LYP/6-31+G* Calculation Data for Carboxylate Anions 
No. Compound Name Qn(C
) Qn(C-)C=O Qn(O-)C=O Qn(O-) E- Eaq- Dipole- C=O- - 
1 Formic Acid 0 0.805 -0.908 -0.908 -188.206 -188.322 2.02 1675 155.8 
2 Acetic Acid -0.746 0.942 -0.900 -0.910 -227.247 -227.358 4.48 1660 162.3 
3 Glycolic acid -0.151 0.922 -0.910 -0.880 -302.116 -302.221 3.49 1695 165.0 
4 Glyoxylic acid  0.428 0.831 -0.873 -0.845 -300.945 -301.047 3.74 1699 157.4 
5 Nitroacetic acid -0.387 0.969 -0.875 -0.840 -430.744 -430.832 5.40 1763 150.7 
6 Thioglycolic acid -0.667 0.955 -0.885 -0.880 -624.766 -624.868 5.04 1691 157.8 
7 Fluoroacetic acid -0.018 0.903 -0.908 -0.862 -326.109 -326.213 4.98 1703 159.9 
8 Chloroacetic acid -0.464 0.937 -0.897 -0.849 -686.159 -686.257 5.87 1717 156.3 
9 Bromoacetic acid -0.505 0.936 -0.842 -0.892 -2798.783 -2798.879 7.82 1719 156.0 
11 Difluoroacetic acid 0.616 0.873 -0.855 -0.877 -424.979 -425.076 5.25 1721 157.9 
12 Dichloroacetic acid -0.274 0.935 -0.842 -0.862 -1145.057 -1145.147 6.38 1744 156.0 
13 Trifluoroacetic acid 1.136 0.874 -0.850 -0.842 -523.858 -523.948 5.01 1759 150.8 
14 Trichloroacetic acid -0.192 0.968 -0.835 -0.824 -1603.941 -1604.024 6.16 1803 150.0 
15 Propionic acid -0.543 0.95 -0.900 -0.908 -266.282 -266.389 6.31 1661 164.5 
16 2-Chloropropionic acid -0.262 0.942 -0.853 -0.895 -725.195 -725.292 6.64 1709 160.9 
17 3-Chloropropionic acid -0.569 0.958 -0.898 -0.885 -725.200 -725.295 7.51 1680 160.8 
18 3-hydroxypropionic acid -0.572 0.955 -0.896 -0.897 -341.140 -341.248 6.96 1673 161.1 
19 Glyceric Acid  0.003 0.932 -0.855 -0.910 -415.991 -416.100 8.46 1700 159.7 
20 Pyruvic acid 0.583 0.858 -0.879 -0.839 -339.986 -340.085 5.95 1702 155.9 
21 Lactic acid 0.027 0.933 -0.868 -0.911 -341.132 -341.242 8.04 1688 163.6 
22 (Methylthio)acetic acid -0.671 0.951 -0.882 -0.894 -663.796 -663.898 7.10 1687 160.2 
23 2-Oxobutanoic acid 0.627 0.878 -0.871 -0.868 -379.026 -379.127 8.06 1672 166.1 
24 2-Chlorobutanoic acid -0.255 0.945 -0.850 -0.895 -764.229 -764.323 8.22 1711 160.6 
25 3-Chlorobutanoic acid -0.565 0.958 -0.900 -0.881 -764.237 -764.330 7.83 1683 160.4 
26 4-Chlorobutanoic acid -0.552 0.923 -0.89 -0.874 -764.224 -764.323 10.92 1672 161.9 
27 Butanoic acid -0.535 0.954 -0.899 -0.906 -305.317 -305.422 8.76 1661 163.9 
28 2-Methylpropanoic acid -0.355 0.953 -0.909 -0.895 -305.317 -305.422 7.03 1660 169.0 
29 3-Hydroxybutanoic acid -0.572 0.929 -0.849 -0.901 -380.188 -380.305 7.20 1675 166.9 
30 4-hydroxybutanoic acid -0.561 0.925 -0.883 -0.877 -380.171 -380.277 8.48 1677 161.2 
31 Cyclopropane carboxylic 
acid 
-0.333 0.946 -0.89 -0.89 -304.112 -304.217 7.17 1660 164.1 
32 Ethoxyacetic acid -0.150 0.920 -0.902 -0.886 -380.165 -380.270 8.48 1683 162.3 
33 2,2-Dimethylpropanoic acid -0.214 0.934 -0.874 -0.889 -344.350 -344.450 7.27 1664 168.7 
           
34 Oxalic acid 0.856 0.849 -0.801 -0.901 -375.848 -375.951 2.97 1741 153.9 
35 Malonic acid -0.665 0.982 -0.885 -0.87 -414.879 -414.982 7.25 1722 154.9 
36 Oxaloacetic acid 0.498 0.689 -0.709 -0.735 -530.409 -530.507 6.00 1764 151.9 
37 Succinic acid -0.537 0.952 -0.897 -0.888 -453.911 -454.019 8.71 1671 163.9 
38 Malic acid -0.564 0.956 -0.852 -0.908 -528.775 -528.890 6.51 1692 164.9 
39 -Ketoglutaric acid 0.631 0.878 -0.871 -0.855 -566.650 -566.752 10.68 1682 164.2 
41 Isocitric acid 0.033 0.873 -0.787 -0.964 -755.412 -755.528 11.44 1992 164.0 
 
42 
 
Table 3.10:  Group and Difference Data for the B3LYP/6-31+G* Calculations 
No. Compound Name pKa Qn(COOH) Qn(COO
-) E  Eaq Dipole  C=O  
1 Formic Acid 3.75 -0.131 -1.011 1.555 1.450 -2.16 -195 7.4 
2 Acetic Acid 4.76 -0.015 -0.868 0.568 0.463 2.48 -164 -1.7 
3 Glycolic acid 3.83 -0.029 -0.868 0.548 0.455 0.93 -117 -4.5 
4 Glyoxylic acid  3.18 -0.039 -0.887 0.540 0.445 2.45 -106 4.1 
5 Nitroacetic acid 1.48 0.047 -0.746 0.529 0.450 2.84 -72 -6.1 
6 Thioglycolic acid 3.68 -0.006 -0.810 0.551 0.459 3.72 -124 -8.9 
7 Fluoroacetic acid 2.59 -0.022 -0.867 0.550 0.453 4.78 -117 -3.7 
8 Chloroacetic acid 2.87 0.015 -0.809 2.522 2.432 4.16 -106 -5.9 
9 Bromoacetic acid 2.90 0.011 -0.798 0.546 0.458 5.82 -103 -7.2 
11 Difluoroacetic acid 1.24 -0.006 -0.859 0.538 0.445 2.06 -140 1.5 
12 Dichloroacetic acid 1.35 0.041 -0.769 0.535 0.452 5.57 -78 -3.6 
13 Trifluoroacetic acid 0.52 0.015 -0.818 0.525 0.438 2.44 -102 -2.7 
14 Trichloroacetic acid 0.66 0.065 -0.691 0.525 0.449 4.28 -41 -6.6 
15 Propionic acid 4.87 -0.012 -0.858 0.567 0.465 4.21 -154 -3.6 
16 2-Chloropropionic acid 2.83 0.018 -0.806 0.549 0.459 4.35 -108 -3.7 
17 3-Chloropropionic acid 3.98 0.007 -0.825 0.548 0.460 5.43 -145 -1.2 
18 3-Hydroxypropionic acid 4.51 -0.010 -0.838 0.560 0.464 6.16 -154 -4.6 
19 Glyceric Acid  3.52 -0.023 -0.833 0.559 0.465 5.70 -111 -11.5 
20 Pyruvic acid 2.39 -0.026 -0.860 0.545 0.453 4.53 -98 2.2 
21 Lactic acid 3.86 -0.018 -0.846 0.571 0.470 5.45 -116 -8.5 
22 (Methylthio)acetic acid 3.66 -0.012 -0.825 0.557 0.464 6.48 -117 -4.5 
23 2-Oxobutanoic acid 2.50 -0.029 -0.861 0.538 0.444 3.53 -164 13.8 
24 2-Chlorobutanoic acid 2.86 0.019 -0.800 0.545 0.457 4.87 -129 -2.1 
25 3-Chlorobutanoic acid 4.05 0.006 -0.823 0.547 0.460 5.81 -140 -2.1 
26 4-Chlorobutanoic acid 4.52 -0.006 -0.841 0.558 0.466 7.33 -148 -2.4 
27 Butanoic acid 4.83 -0.011 -0.851 0.566 0.467 6.58 -153 -2.7 
28 2-Methylpropanoic acid 4.84 -0.003 -0.851 0.566 0.467 4.87 -149 -1.3 
29 3-Hydroxybutanoic acid 4.70 -0.010 -0.821 0.548 0.441 6.78 -150 1.7 
30 4-hydroxybutanoic acid 4.72 -0.012 -0.835 0.561 0.467 8.24 -135 -5.8 
31 Cyclopropane carboxylic acid 4.83 -0.012 -0.834 0.573 0.474 4.56 -145 -2.8 
32 Ethoxyacetic acid 3.66 -0.031 -0.868 0.557 0.461 6.17 -153 -3.2 
33 2,2-Dimethylpropanoic acid 5.03 0.006 -0.829 0.566 0.470 5.35 -141 -3.7 
          34 Oxalic acid 1.25 0.000 -0.853 0.523 0.429 -0.21 -110 5.6 
35 Malonic acid 2.85 0.032 -0.773 0.549 0.460 4.46 -101 -6.6 
36 Oxaloacetic acid 2.55 -0.013 -0.755 -2.264 -2.349 4.01 -40 -3.6 
37 Succinic acid 4.21 0.004 -0.833 0.555 0.460 7.63 -150 -0.1 
38 Malic acid 3.40 0.003 -0.804 0.537 0.437 4.35 -139 1.7 
39 -Ketoglutaric acid 2.47 -0.018 -0.848 0.532 0.444 7.64 -121 10.6 
41 Isocitric acid 3.29 -0.003 -0.878 0.563 0.466 7.48 -4 5.3 
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Table 3.11:  Summation of Regression Results from B3LYP/6-31+G* Calculations 
 
Intercept 
Intercept 
Error X-Variable 
X-Variable 
Error r2 
Standard 
Error Fisher Observations 
Qn(C) 3.01 0.17 -1.57 0.33 0.389 1.000 23 38 
Qn(C)C=O -2.05 2.85 5.78 3.07 0.088 1.208 4 39 
Qn(C)C=O Minus Formic -10.67 3.92 14.96 4.20 0.261 1.100 13 38 
Qn(O)C=O -7.65 3.68 -16.20 5.43 0.194 1.135 9 39 
Qn(O)C=O Minus Formic -14.16 4.13 -25.71 6.08 0.332 1.046 18 38 
Qn(O)C=O Minus Formic and 
chloroacetic -21.56 4.69 -36.47 6.87 0.446 0.965 28 37 
Qn(O) -17.89 5.69 -26.97 7.23 0.273 1.078 14 39 
Qn(O
-
)Minus Formic -25.63 5.99 -36.71 7.60 0.393 0.997 23 38 
Qn(O
-
)Minus Formic and 
Chloroacetic -39.14 6.54 -53.73 8.28 0.546 0.873 42 37 
Qn(H) 53.51 17.00 -94.57 32.03 0.191 1.137 9 39 
Qn(H) Minus Formic and 
Chloroacetic 110.68 22.56 -201.90 42.42 0.393 1.010 23 37 
Dipole 3.79 0.46 -0.22 0.19 0.035 1.242 1 39 
C=O 21.41 11.14 -0.010 0.006 0.067 1.221 3 39 
C=O Minus Formic and 
Isocitric 89.93 20.60 -0.048 0.011 0.336 1.058 18 37 
OH 0.99 14.89 0.0006 0.004 0.0007 1.264 0.02 39 
OH Minus Formic and 
Isocitric -152.37 139.42 0.042 0.038 0.034 1.275 1 37 
 -18.56 3.83 0.135 0.024 0.469 0.921 33 39 
Qn(C

) 3.02 0.17 -1.61 0.33 0.400 0.991 24 38 
Qn(C
-
)C=O -2.68 3.24 6.53 3.53 0.085 1.210 3 39 
Qn(C
-
)C=O Minus Oxaloacetate -5.18 4.44 9.22 4.80 0.093 1.215 4 38 
Qn(O
-
)C=O -9.58 4.06 -14.82 4.66 0.215 1.120 10 39 
Qn(O
-
)C=O Minus Isocitrate 
and Oxaloacetate -23.93 5.80 -31.10 6.61 0.387 1.013 22 37 
Qn(O
-
) -11.26 4.48 -16.57 5.09 0.223 1.115 11 39 
Qn(O
-
)Minus Oxaloacetate -19.34 5.79 -25.66 6.55 0.299 1.068 15 38 
Qn(O
-
)Minus Oxaloacetate 
and Isocitrate -27.06 6.24 -34.50 7.08 0.404 0.999 24 37 
Dipole
-
 2.10 0.68 0.177 0.096 0.084 1.210 3 39 
C=O
-
 22.12 5.20 -0.011 0.003 0.262 1.086 13 39 
C=O
- 
Minus Isocitrate 58.17 5.08 -0.032 0.003 0.764 0.623 117 38 
- -27.06 4.43 0.190 0.028 0.560 0.839 47 39 
Qn(COOH) 3.23 0.19 -15.35 6.32 0.137 1.174 6 39 
Qn(COOH) Minus Formic 3.24 0.19 -25.82 8.42 0.207 1.139 9 38 
Qn(COO
-
) -4.62 3.20 -9.53 3.84 0.143 1.171 6 39 
Qn(COO
-
) Minus Formate -7.78 3.91 -13.39 4.72 0.183 1.157 8 38 
E  3.21 0.28 0.18 0.35 0.007 1.260 0.2 39 
E Minus Formic,  
Chloroacetate, and 
Oxaloacetic -41.02 4.49 80.64 8.16 0.742 0.665 98 36 
Eaq 3.23 0.26 0.16 0.35 0.005 1.261 0.2 39 
Eaq Minus Formic 
Chloroacetic and Oxaloacetic -34.70 6.77 83.29 14.82 0.482 0.942 32 36 
Dipole 2.35 0.45 0.21 0.09 0.130 1.18 6 39 
C=O 0.99 0.57 -0.019 0.005 0.324 1.040 18 39 
C=O Minus Isocitric and 
Oxaloacetic -0.47 0.69 -0.030 0.005 0.480 0.933 32 37 
 3.25 0.21 -0.030 0.039 0.016 1.254 0.6 39 
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Figure 3.1:  Plot of pKa versus the calculated vibrational frequency of the 
protic stretch for 39 carboxylic acids (excluding Formic acid 
and Isocitric acid) using the values obtained using RM1 
semiempirical method 
 
Figure 3.2:  Plot of pKa versus the calculated vibrational stretch of the 
carbonyl stretch for 37 carboxylate anions (excluding Citrate 
anion, Isocitrate anion,  Formate anion, and Trifluoroacetate 
anion) using the values obtained using RM1 semiempirical 
method 
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Figure 3.3:  Plot of pKa versus the calculated vibrational stretch of the 
carbonyl stretch for 38 carboxylate anions (excluding Isocitrate anion) 
using the values obtained using B3LYP/6-31+G* method 
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